Small-angle neutron scattering measurements of Co nanoparticle assemblies reveal three characteristic length scales associated with the interparticle and intraparticle magnetic orders. The first length scale stemming from particle size and separation does not vary with applied field. In contrast, the magnetic correlation length increases from 71Ϯ 9 nm in zero field at 5 K to greater than 1000 nm in fields larger than 0.2 T. The random-field length scale decreases from 37Ϯ 8 nm when H = 0 to 9.1Ϯ 0.3 nm in H = 0.2 T, and the contribution of this term is less significant in large fields. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2911736͔
Magnetic correlations between nanoscale grains can affect the performance of hard disk recording media, where nonuniformity is a source of noise that can limit the minimum bit size. In clusters of nanoparticles proposed for hyperthermic cancer treatment, 1 the optimal operating frequency may depend on the magnetic correlation length. 2 Due to the uniformity in their size and spacing, surfactant-coated single domain nanoparticle arrays are an excellent system for testing models of magnetic correlations. 3, 4 The determination of correlation lengths in these arrays will help to develop quantitative analytic techniques for more complex but technologically important magnetic nanostructures.
Here, we report a comprehensive approach in understanding the collective behavior of magnetic nanoparticle assemblies, using small-angle neutron scattering ͑SANS͒. While previous SANS experiments have probed nanoscale correlation lengths, [5] [6] [7] [8] [9] [10] [11] [12] [13] SANS has only more recently been applied to dense arrays of surfactant-coated nanoparticles. [14] [15] [16] The high degree of uniformity in our nanoparticle crystals leads to a pronounced diffraction peak and allows for a straightforward interpretation of interparticle and intraparticle interaction lengths.
Surfactant-coated 7.9Ϯ 1.3 nm ⑀-Co nanoparticles ͑Fig. 1͒ were synthesized by high temperature air-free solution phase methods, 17 and then used to self-assemble fcc nanoparticle three-dimensional ͑3D͒ crystals, as described elsewhere. 18 The average edge-to-edge spacing was 4.2Ϯ 1.0 nm so exchange interactions were negligible. The native oxide shell thickness was estimated using magnetometry, atomic absorption spectroscopy, and transmission electron microscopy ͑TEM͒ to determine saturation moment, total Co concentration, and average particle diameter, respectively. Assuming uniform core-shell particles with completely aligned Co core spins of bulk saturation magnetization and antiferromagnetic CoO shells with no net moment, the average shell thickness was then estimated to be 0.75Ϯ 0.4 nm. With these particles, there was no detected shift in the field-cooled hysteresis loop due to exchange bias. The zero field-cooled magnetization showed a sharp rise near 90 K, and then a broad peak that had only slightly decayed at 300 K.
For the SANS measurements, dried powders of the Co nanoparticle crystals were prepared in argon and then sealed in an Al container that was inserted into a 7 T horizontal field superconducting magnet. The neutron experiments were performed on the NG7 SANS beam line at NIST using 0.5 nm wavelength neutrons in transmission and a twodimensional position sensitive detector. Two different detector distances were used to cover the scattering vector Q =4 sin / range from 0.04 to 1.0 nm −1 . A magnetic field was applied perpendicular to the neutron beam and in the plane of the sample. Figure 2 maps the scattering intensity I with and without an applied magnetic field H as a function of scattering vector components Q x and Q y . Note that both chemical and magnetic structures contribute, although only the magnetic scattering varies with H. In H = 0, the intensity is symmetric, pronounced at low Q, and displays a diffraction ring at a Q position determined by the particle spacing. When a 5 T nearly saturating field is applied in the x direction, the overall intensity drops because the magnetic scattering at low Q collapses to Q = 0 as the moments align. Since only the magnetization component perpendicular to Q contributes to the a͒ Electronic mail: sara@cmu.edu. scattering, I ϰ sin 2 ␣ at the diffraction peak and in the low Q regions, where ␣ is the angle between Q and H. Note the moments in the antiferromagnetic oxide shell of the Co particles contribute little to the scattering, in contrast to our previous work on Fe particles. 15 To isolate the nuclear scattering, we performed a sector average ͑Ϯ5°͒ of the intensity at ␣ = 0°for 5 T, where there would be minimal magnetic scattering. Here, we focus on the scattering at ␣ = 90°where the magnetic contribution to the intensity is greatest. In particular, we investigate I mag ͑Q͒ reveals two major features: a Bragg diffraction peak due to the arrays of particle moments that is fit with a Gaussian function ͑G͒, and low Q scattering due to different correlation lengths that is fit with the sum of a Lorentzian squared ͑S͒ and a Lorentzian function ͑L͒
Coherent scattering from a point lattice theoretically has a S lineshape at low Q, plus a higher Q decay that is inversely proportional to Q 2 and can be approximated by a L term. 19 All three terms are needed for reasonable fits, as shown in Fig. 3 , with parameters in Table I .
The G term describes Bragg scattering at a d-spacing characteristic of the ͑111͒ separation of a fcc lattice of nanoparticles. 16, 20 Using the average surfactant thickness and the core size distribution found from TEM, the center of the G peak in the SANS data ͑0.629 nm −1 ͒ matches well to the TEM value of 0.632 nm −1 . These results suggest that the nanoparticles are crystalline and not glassy. 15 The estimated full width at half maximum for the Gaussian peak ͑based on variances in neutron wavelength and the TEM particle size and spacing͒ is within 20% of the 0.26 nm −1 value extracted from the data fit.
While the diffraction peak originates from the nanoparticle lattice periodicity, long-range interparticle magnetic correlations generate scattering at lower Q. As the applied field increases, the overall intensity at low Q drops as magnetic regions align parallel to the field, resulting in changes in the magnetic length scales. A S dependence is the Fourier transform of a spatial correlation function of particle moments, ͗͑0͒͑r͒͘ ϰ exp͑− S r͒, with a characteristic decay length S =1/ S . It has frequently been observed in ferromagnets and is often associated with static magnetic correlations. 6, 7 At 5 K and zero field, S is 71Ϯ 9 nm, which is much larger than the size of a single particle. It increases to 1000 nm or more in 1.0 T. Since SANS is sensitive to length scales ഛ1000 nm, this value is indistinguishable from an infinite correlation length. The field variation of the magnetic correlation length indicates small domainlike regions with uniform magnetization even in zero field, with increasing domain size as H rises.
A S + L intensity has been reported in numerous materials with random internal fields, 6, 7, 21 and a magnetic nanoparticle array would be expected to have inhomogeneous local fields unless fully saturated. A L dependence is the Fourier transform of a correlational function ͗͑0͒͑r͒͘ ϰ ͓exp͑− L r͔͒ / r, with a characteristic decay length of L =1/ L . L is 37Ϯ 8 nm when H = 0 at 5 K, indicating magnetic inhomogeneities of a few particle diameters' length. As the field increases, L drops to ϳ1 nm, corresponding to misaligned groups of spins within a particle ͑Table I͒.
The fitting parameters also indicate the relative amounts of scattering from the different terms. For comparison, analysis of the nuclear scattering using Eq. ͑1͒ yields S ϳ 1000 nm and L ϳ 2 nm. The H = 0 magnetic S length is thus limited not by positional order but more likely by variations in magnetostatic coupling strengths due to crystallographic misorientations or small spacing differences. As the field increases, the total intensity of the S term arising from the domainlike regions becomes more prominent, while the L term that is associated with inhomogeneities decreases. These results suggest that the overall alignment increases and saturates above 1.0 T, consistent with hysteresis loops measurements at 10 K, which indicate a magnetization to saturation magnetization ratio of 0.6 at 0.2 T but nearly 1.0 by 1.0 T. Compared to other SANS studies of nanomagnets, our results show significant features which warrant a different interpretation, with a S function to describe the length scale of the multiparticle correlations plus a L term due to local inhomogeneities. Previously, scattering from assemblies of 2 nm Fe nanoparticles in an alumina matrix was modeled in terms of a S function for the particle cores, multiplied by a function with a L factor associated with multiparticle correlations. 8 The resultant length scales were shorter and consistent with the small particle size. SANS experiments on compacted 9 and electrodeposited 5 nanocrystalline solids have also revealed magnetic inhomogeneities. In the latter work, the correlation length described the length scale of the misaligned regions, which decreased as the applied field increased. 5 While this is similar to the drop seen here in L associated with misaligned spins, our nanoparticles are hard to saturate, and the length scale S associated with the regions of uniformly aligned particles remains small enough to be detected by SANS at low fields. The observed 70 nm magnetic correlational length in zero field thus serves as a benchmark for future work with related surfactant-separated nanoparticles.
We have demonstrated the existence of multiparticle magnetic correlations in 3D nanoparticle assemblies, even in the absence of an applied field. The intrinsic particle monodispersity and the uniformity of the particle separation allows for quantitative fitting of the results using a simple model that provides an intuitive understanding of the magnetization process. Length scales associated with multiparticle "domains," magnetic homogeneity, and periodic packing of the nanoparticles are extracted. As the field increases, the domain size increases while the magnetic disorder diminishes. 
